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Abstract 

We study collider signals for the noncommutative extension of the 
standard model using the Seiberg-Witten maps for SU(3)c*®SU(2)i(g) 
U(l)y to first order in the noncommutativity parameters 6^ u . In par- 
ticular, we investigate the sensitivity of .^-production at the Tevatron 
and the LHC to the components of Q^ v . We discuss the range of valid- 
ity of this approximation and estimate exclusion limits from a Monte 
Carlo simulation. 
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1 Introduction 



The observation that the low energy limit of certain open string theories 
can be interpreted as Yang-Mills theories living on a noncommutative (NC) 
manifold pQ has raised renewed interest in noncommutative quantum field 
theories. Furthermore, Noncommutative Quantum Field Theory (NCQFT) 
in itself remains an appealing way to introduce a length scale and to cut off 
some short- distance contributions |2j consistently with the symmetries of a 
given model. 

In the simplest case, the NC structure of spacetime is described by a set 
of constant c-number parameters 9^ u , or, equivalently, by an energy scale 
A N c and dimensionless parameters C^: 

E 2 -E 3 \ 



B 1 / 

Here we have defined dimensionless "electric" and "magnetic" parameters E 
and B for convenience. Obviously, fixed non-vanishing values for 9^ u result 
in a breaking of Lorentz invariance. A possible mechanism of spontaneous 
breaking is the condensation of a rank two antisymmetric background field. 
In this paper, we will investigate phenomenological consequences of 9^ u at 
hadron colliders and not deal with the dynamics of the symmetry breaking 
mechanism. 

Since the string scale is essentially unknown, we have also no prediction 
for A NC . The current best collider tests [3] give A NC > 140 GeV for a NC 
extension of QED, while experiments at a future photon collider are expected 
to reach 1 TeV 14] . Tests of rotation invariance in atomic physics and astro- 
physical tests give substantially higher bounds, but assume NC geometry at 
large scales (see [5] for a review). 

Collider experiments do not probe space-time coordinates themselves, but 
functions of space-time coordinates, such as wave functions of external par- 
ticles and effective Lagrangians. Consequently, one can employ a deformed 
product to describe the scattering theory on a given NC manifold by an 
equivalent scattering theory on a commuting manifold with new effective 
interactions. In the case of the operator algebra one can use the Moyal- 
Weyl ^-product [2J 

(/ * g){x) = f{x)e& e ^g{x) = f{x)g{x) + + 0{P) (2) 
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to map products of functions of NC coordinates, (fg)(x) = f(x)g(x), to the 
equivalent products of functions on ordinary space-time coordinates, (/ * 
g)(x). It is easy to see that the commutation relation (jlj is reproduced by 
the *-commutator: 

[ x n * x v \ (x) = (a" * x v ) (x) - [x v * X") (x) = \Q» V = [x», x v \ . (3) 

The obvious approach to constructing NCQFTs by replacing all field prod- 
ucts by the *-product (j2J) fails for general gauge theories. For example, in 
such a NC version of QED all charged matter field must carry the same 
charge [7] which makes this approach unsuitable for the U(l) hypercharge of 
the standard model. Furthermore, this approach does not work for SU(iV) 
gauge theories, because the *-commutator of two infinitesimal gauge trans- 
formations does not close in the SU(iV) Lie algebra jH]: 

[a* (3} = [a a T a *(3 b T b ] = ^{a a * f3 b }[T a ,T b ] + ^[a a * (3 b ]{T a ,T b } . (4) 

In order to circumvent these problems, we follow the approach of [S] and 
let the NC gauge field A and gauge parameter A take their values in the 
enveloping algebra of the Lie algebra of the Standard Model (SM) gauge 
group SU(3) C ® SU(2) L g> U(l)y. A, A and the NC matter fields tp are 
expressed as nonlinear functions of ordinary fields A, A and ip via Seiberg- 
Witten maps (SWM) pQ such that the NC gauge transformations of the 
former, 

^ $ = = $ + i^A * i) + ^|pA * A * rj) + £>(A 3 ) (5a) 

-> A; = e^M^e"*** + -e 19 ** (fye -1 ***) (5b) 

= A, + ig[X * i M ] + ^ [A *[X * A,}} + d,X + ig[X* d,X] + 0(X 3 ) , 
are realized by ordinary gauge transformations of the latter: 

i/j _ = = ^ + W + ^fp^V + °( x3 ) ( 6a ) 
A M - 4 = e i9X A,e~ i9X + (^e~ iffA ) (6b) 



- A, + ig[\, A^] + M^[A, [A, A,]] + d,X + ig[X, d,X] + G(A 3 ) . 

This leads to the so-called gauge-equivalence conditions 

A{A,6) ^A'{A,6) = A{A',6) (7a) 



3 



A(A, A, 6) -> A'(A, A, 6) = A (A', A', 0) (7b) 
A, 0) - A, 0) = j>W, A', 9) , (7c) 

that can be solved order by order in 9^ v . The first order is given by 
A^x) = Ap{x) + l -9 pa {A a (x), d p A^{x) + F pp (x)} + 0(6 2 ) (8a) 
${ x ) = i,( x ) + U»°A a {x)d p iP(x) + l -6?° [A p (x), A a {x)\ j>(x) + O(0 2 ) (8b) 

Z o 

X(x) = X(x) + - A 6 pa {A a (x), d p X(x)} + <D(6 2 ) (8c) 

with = {ij g)[D^D v ]. The SWM approach also solves the charge quan- 
tization problem by introducing a separate NC gauge field for each eigen- 
value of the U(l) charge operator. Each of these gauge fields is subsequently 
mapped by the SWM to the same SM U(l) field. Thus no additional de- 
grees of freedom appear. This approach has been used to construct a NC 
generalization of the complete electroweak standard model , which will be 
referred to as NCSM below. 

This construction leads to modifications of the familiar SM interaction 
vertices as well as to new interactions that are forbidden in the SM. The 
most striking feature of the NCSM is that it allows direct interactions among 
neutral gauge bosons, depending on the representation of the enveloping 
algebra chosen for the trace in the gauge boson Lagrangian [0] 

£=-~tr(F^). (9) 

Note that all representations are equivalent up to a renormalization only in 
the case of Lie algebras, but not in the corresponding enveloping associative 
algebra. 

We should point out that NC gauge theories constructed from commuta- 
tive gauge theories using the SWM are not renormalizable by field and gauge 
coupling renormalization alone, since the 4-point functions of matter fields 
require additional counterterms that can not be obtained from the applica- 
tion of the SWM PU] . Nevertheless, the NCSM can be employed as a well 
defined effective field theory, because any chiral model that is constructed 
from an anomaly free chiral model using the SWM has been shown to be 
anomaly free jTTj. 

To first order in 9^ v , all modifications of the SM correspond to effective 
dimension-six operators. The latter lead to observable deviations from the 
SM predictions or, in the absence of deviations, to bounds on Anc- Initially, 
most phenomenological studies have focused on rare and S-decays |12| . while 
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tests at future colliders have been considered in jl]. Additional phenomeno- 
logical results have been presented in [T3]. 

In this paper, we report on a phenomenological study of the NCSM in 
first order in concentrating on the process pp/pp — > i + i~ r y at hadron 
colliders. We shall point out experimental signatures unique to the NCSM 
and estimate the range of the NC scale A NC that can be probed at the 
Tevatron and the LHC. The paper is structured as follows: In section EJ we 
discuss the scattering amplitude that gives rise to the signals described in 
section El In section 01 we analyse the results of our Monte Carlo (MC) 
simulations and estimate the discovery reach. Section El gives a short outlook 
on future work. Feynman rules and analytical results for the cross section 
are presented in the appendix. 

2 Partonic Scattering Amplitudes and Cross 
Sections 

The pair production of neutral electroweak gauge bosons V = 7, Z at a 
hadron collider is described by the partonic process qq — > VV. The corre- 
sponding squared matrix element at O(0) is given by 

\A\ 2 = \A SM + A NC \ 2 = \A SM \ 2 + 2Re (A* SM A NC ) + 0(6 2 ) (10) 

where A SM = Af M + Af* is the SM amplitude with 



Pi fa pi fa 




P2 k 2 P2 fa 

and 

^4 NC = £ «f + <?) + ^° + < 7 C + A™ , (12) 

i=l,2 

denotes the new contributions arising in the NCSM. The relevant Feynman 
rules are provided in appendix El Below, the 0{9) contributions to the SM 
vertices ()24aj) have been marked by an open box in the corresponding SM 
Feynman diagrams: 



Pi fa Pi fa 




(13a) 
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with the vertex given in (|24b[) . is required by gauge invariance, as can be 
seen from the Ward identity (j!4ajl . In contrast, the two s-channel diagrams 

Pi fci pi fci 




(13d) 



P2 fc 2 P2 k 2 

involving the triple gauge boson couplings given in ()24cj) are separately gauge 
invariant. The corresponding Ward identities 



+ <?) + A c C y U ^ 2 ) = (14a) 
k^{A^e v (k 2 ) = k lfi (A^e v (k 2 ) = . (14b) 

have been proven in jl]. The separate gauge invariance of and A^*% is 
not surprising, because the strength of the triple gauge boson interactions 
depends on the choice of representation of the enveloping algebra {§] used for 
the gauge field Lagrangian ©. The new coupling constants Kzyy and Kzz^ 
are only constrained by the matching to the SM in the limit 9^ u — > and 
can vary independently in a finite range as illustrated in fig. 

It has been shown jl] for 77-collisions that polarization is essential for 
obtaining a non- vanishing signal in 0{9). At the LHC one will not have 
polarized initial states, neither can one expect to observe the polarization of 
outgoing photons or use Z-decays as a polarimeter. Therefore, we have con- 
centrated on unpolarized ^-production. The analytical result for dcr(qq — > 
Zj) I dfl is presented in appendix |Bj 

Without polarization, the most important observable, i. e. an azimuthal 
dependence of the cross section, vanishes for symmetric initial and final 
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Figure 1: Range for the triple neutral gauge boson couplings K Zll and K ZZl 
allowed by the matching to the SM in the limit 9 pv — > in the nonminimal 
NCSM, as defined in 0. 

states, as we will see in sectional In the present case, it is the axial coupling 
of the Z that will engender an observable deviation from the SM prediction. 
Since the width of the intermediate Z is negligible for 3> m Z) one needs 
another source for an imaginary part in the scattering amplitudes to compen- 
sate the factor of i that comes with 9 pu and to obtain a non-vanishing con- 
tribution to the 0(9) interference. In polarized scattering, the polarization 
vectors and spinors can provide this imaginary part, but all the polarization 
sums are real, of course. However, the 7 5 factor in the axial coupling of the Z 
produces a factor ie^ vpu after tracing and thus creates a non-vanishing effect 
from contractions with the three independent momenta and 9^ v . 

3 Distributions and Signals in pp/pp —> Z7 

The relevant hadronic processes are pp —>■ Zj at the LHC and pp — ► Z'-f 
at the Tevatron with subsequent decays of the Z into e + e~ and fi + fi~. For 
these, the cross sections and lepton distributions have been calculated using 
the results for the hard qq — > £ + £~7 cross sections from section El together 
with the phase space generation and parton distribution functions provided 
by WHiZard for Monte Carlo simulation. 

As expected for new short distance physics, we observe a deviation of 
the photon pt distribution at high pt from the SM prediction. However, this 
deviation is not specific to the NCSM and, in addition, turns out to be smaller 
than a few % for p? < Anc/2. On the other hand, the NC parameter 9^ u 
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Figure 2: Azimuthal distribution of the 7 in qq — > Z7 at fixed CMS energy 
for E = (1,0,0) and cos6* = 0.05(full), — 0.05(dashed), in comparison 
with B = (0, 1,0) for cos9* = ±0.05(dotted). 

breaks rotational invariance and leads to a characteristic dependence of the 
cross sections on the azimuthal angle 0, which can be used to discriminate 
against other new physics effects. For this reason, we have focussed our 
phenomenological analysis on the azimuthal distribution of the photon. 

As has been shown previously [I], the 77 — > ff amplitude in the NCSM 
depends only on E\ and E2. In contrast, the // — > Z'j amplitude also 
depends on Bi and B 2 , due to the axial Zff couplings. In addition, a 
dependence on E 3 appears because the vector bosons are not aligned with 
the beam axis X3. Nevertheless, the CMS parton cross sections show a much 
stronger dependence on the components E than on B, as exemplified in fig.|21 
To be precise, this is true everywhere except sufficiently close to the polar 
angle 9* = n/2, where the dependence on E vanishes due to the antisymmetry 
of the 0{6) contribution to da/dQ* in cos#*. 

However, at hadron colliders, the partonic CMS of most events is boosted 
significantly along the beam axis 1 . As is well known from electrodynamics, 
E and B are mixed by Lorentz boosts along the beam axis x^: 

El _ 7 (E 1 - (3B 2 ) B x - 7(5! + f3E 2 ) 

E 2 -> 7 (£ 2 + (3Bi) B 2 -> 7(5 2 - PEt) (15) 

E3 — > E 3 B 3 — > B 3 

(7 = l/y/l — (3 2 , (3 = v/c). The measurements of (Ei, B 2 ) and (E 2 ,Bi), 
respectively, are therefore highly correlated by kinematics. We have verified 

1 The boosted events are further enriched by the cuts chosen for the LHC below. 
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that the strenght of the correlation is essentially determined by the expecta- 
tion value of the boost (\/3\). 

Calculating the scattering amplitude only to first order in the noncom- 
mutativity 8^, one must neglect the O{0 2 ) contributions in the squared 
amplitude for consistency. Therefore, in this approximation, the deviations 
from the SM only come from the interference of A SM with A NC in (J10J) . As a 
consequence, the 0(9) cross section can even become negative in some regions 
of phase space for sufficiently large absolute values and appropriate signs of 
components of 8^, such that the NC/SM interference dominates over the 
SM contribution. The relative size of the interference term is determined by 
s/A^ c , y/§ being the partonic CMS energy. There is a wide range of possible 
values of in high energy hadron collisions, but the most statistics will be 
collected at moderate values of yl. Thus in O(0), values of A NC that cause 
observable deviations at such moderate values of Vs can lead to unphysical 
cross sections at the highest Vs available. This problem is not specific to 
simulations in the NCSM, but common to all studies of new physics that can 
be parametrized by anomalous couplings. A pragmatic solution is to unita- 
rize the contributions from new physics by applying appropriate form factors 
that cut off the unphysical effects. Since there are very few events to be 
expected at the highest CMS energies, the conclusions should not depend on 
the details of the form factors. Therefore, we have simply replaced da/dQ* 
by max(do"/df2*, 0) everywhere in our simulations. 

This solution is also legitimized by the expectation that higher orders 
in 9^ u will damp the large negative interference contributions. In fact, pre- 
liminary results to second order in 9^ v support this expectation [TK] . 

4 Sensitivity Estimates 

In order to obtain a realistic estimate of the sensitivity at the Tevatron 
and the LHC, one has to take into account backgrounds, detector effects and 
selection cuts. Clearly, a comprehensive analysis of all reducible backgrounds 
and detector effects is beyond the scope of a theoretical study and must 
eventually be performed by the experimental collaborations. However, the 
final states under consideration are simple enough for a phenomenological 
analysis based on simple cuts. Moreover, experience at the Tevatron ^01 ITTj 
indicates that the combined detection efficiency for £ + £~'~f can be assumed 
to be larger than 50%. All numerical results presented below are obtained 
for a 100% efficiency. Smaller uniform efficiencies can easily be taken into 
account by scaling up the integrated luminosity accordingly. 



9 



We have simulated the process pp — > £ + £~7 at y/s = 14TeV using the 
program package WHiZard [Hj and demanding the following acceptance cuts 
on leptons and photons: 

E(£ ± ),E( 7 ) > lOGeV (16a) 

0(^,0(7) > 5° (16b) 

0(0,0(7) < 175° (16c) 

Vt{^),Vt{i) > lOGeV. (16d) 

For the Tevatron, we have simulated — > i + i~ r ) at = 1.96 TeV using 
the same acceptance cuts (fTtjj). 

For simplicity, we have assumed that the components of 9^ remain 
aligned with the beam axis and the detector over the time of the measure- 
ment. This assumption is not justified, because we should expect that Q^ v 
is aligned with a fixed cosmic reference frame, that is determined by the 
dynamics of the underlying string theory. Therefore the alignment of the 
detector must be recorded with each event and the combined effect of the 
earth's rotation and revolution must be taken into account. This poses no 
principal difficulty and will not change our conclusions. 



4.1 Background Suppression 

The hard scattering process qq — > Z7 (JT3j) with subsequent decays Z — > £ + £~ 
has the Drell-Yan process qq — > £ + £~ with photon radiation and qq — > 7*7 
with 7* — > £ + £~ as irreducible backgrounds. Both have been taken into 
account in our calculation. 

As explained in section |21 the unpolarized azimuthal distribution in qq — * 
7*7 is flat. We suppress this background by requiring 

\M(£ + £~) -M z \ < T z . (17) 

In order to also reduce the radiative Drell-Yan events, we have applied an 
angular separation cut of 

AR e±1 = ^/Ar] 2 + A0 2 > 0.7 (18) 

(cf. [101 El)- Finally, we require a minimum and maximum total energy in 
the partonic CMS: 

200GeV< |M(£ + r 7 )| < ITeV. (19) 

The lower cut enriches the signal, while the upper cut reduces the influence of 
the elimination of the unphysical parton cross sections discussed in sectional 
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At the LHC, qq- and gg-collisions will occur with identical rates. As 
shown in fig. |21 the dominant E\ and E 2 contributions to the deviation of 
the parton cross sections from the SM prediction is antisymmetric in cos 9* 
and will therefore cancel for pp initial states unless additional cuts are applied 
that separate events originating from qq and qq. 

In the proton, the average momentum fraction of the light valence quarks 
is much higher than that of the anti-quarks which exist only in the sea. 
As a result, all qq-events will be boosted strongly in the direction of the 
quark. Therefore we can enrich our samples of signal events by requiring a 
minimal boost in the appropriate direction. We have found that demanding 
the momenta of both the photon and the lepton pair to lie in the same 
hemisphere in the laboratory frame, that is 

cos # 7 • cos > (20) 

produces a nice signal, as displayed in fig. El In the figure, we have chosen a 
rather low value of Anc — 0.6 TeV for illustration. The values of Kzyy and 
Kzz-y correspond to the top corner of the polygon in fig. [TJ 

In the case of the Tevatron, the role of quarks and anti-quarks are reversed 
in the antiproton. Therefore, we demand in this case that the momenta of 
the photon and the lepton pair lie in opposite hemispheres. For sufficiently 
small Anc, the azimuthal distribution of the 7 is similar to the distribution 
plotted in fig. El 

4.2 Likelihood Fits 

In the following, we analyze the NC effects on the azimuthal dependence of 
the unpolarized cross section stemming from the components E t , E 2 , Bi, B 2 
of 6^ u . We disregard the small contribution from E 3 , since, by symmetry, it 
has no influence on the azimuthal distribution. 

Furthermore, we have taken advantage of the fact that the deviation of the 
cross section from the SM prediction is linear in Q^ v so that the corresponding 
binned x 2 -function 

X \E U E 2 , B h B 2 ) = J24u « C - ( 21 ) 

depends quadratically on 9^: 

X 2 (E h E 2 , ^ B 2 ) = E 2 , B x , B 2 )X 2 (E U E 2 , B u B 2 f , (22) 

up to statistical fluctuations. The elements of the matrix X 2 in (|2*2*1) are then 
determined from a fit of x 2 {Ei, E 2 , Bi, B 2 ) to the right-hand side of (|2~Tj) 
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Figure 3: Azimuthal distributions of the 7 in pp — > e + e 7 at the LHC, 
= 14TeV, 300 fb~\ for cos# e+e - > 0, cos# 7 > 0, < cos#; < 0.9 in 

the SM (open) and the NCSM (full) with A NC = 0.6 TeV, E = (1,0,0), 
K Zll = 0.095, K ZZj = 0.155. 

for a sufficiently large grid of values (Ex, E 2 , B\, B 2 ). Subsequently, we can 
diagonalize X 2 and obtain the error ellipses that describe the experimental 
reach of collider experiments. 

4.3 Results 

For the LHC, the results of the likelihood fits are shown in fig. 01 setting 
Anc — 500 GeV and K Zll = K ZZl = 0. From the error ellipses in the 
first and second column of fig. 01 we derive the following sensitivity limit on 
the NC scale for an integrated luminosity of 100 fb™ (with 100% detection 
efficiency) : 

Anc > 1 TeV for \E\ 2 + \B\ 2 = 1. (23) 

In the presence of triple gauge couplings among neutral gauge bosons, these 
limits do not change significantly. This analysis indicates that the current 
collider bounds [H] can be improved at the LHC by an order of magnitude. 

A similar analysis of the likelihood fits for the Tevatron, shown in fig. 
for J C = 15 fb -1 implies that the sensitivity on the NC scale reaches Anc ~ 
130 GeV, which is comparable to existing LEP bounds 

As expected from the Lorentz boost (fT3j) . we find that in the labora- 
tory frame measurements of E\ are correlated with B 2 and measurements 
of E 2 with B\. The corresponding la and 3a contours are depicted for 
Anc = 500 GeV in the right column of fig. EJ Since the dependence on B\ 
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Figure 4: The la (dark) and 3a (light) exclusion contours for Anc = 500 GeV 
and 100 fb -1 at the LHC discussed in the text. 




Figure 5: The la (dark) and 3a (light) exclusion contours for Anc = 50 GeV 
and 15 fb" 1 at the Tevatron discussed in the text. 
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and B 2 in the partonic CMS is very weak, one expects very elongated ellipses 
in the laboratory frame, in agreement with our result. Due to statistical fluc- 
tuations, the fitted matrix X 2 can have a negative eigenvalue, as happened 
in the bottom right plot of fig. |U This sign is unphysical and as expected 
changes with the random number sequence used in the simulations. For 
all practical purposes, the error ellipses for (Ei,B 2 ) and (E 2 ,Bi) should be 
viewed as straight lines. 

In the other pairs (Ei, E 2 ), (B\, B 2 ) and (Ei, Bi), we find no correlations. 
Indeed, the only source of violation of rotational invariance is 9^ itself. 
Therefore no correlations between E\ and E 2 , as well as between B\ and B 2 , 
are expected since the measurements are related by a rotation around the 
beam axis by ir/2. 

Having established the absence of correlations that are not of purely kine- 
matical origin, one can avoid expensive non-linear 4-parameter fits in subse- 
quent work that will take higher orders in Q^ v into account |15j . 

5 Conclusions and Outlook 

We have studied the effect of a noncommutative extension of the SM on 
the production of neutral vector bosons at the LHC and the Tevatron. We 
have shown that, under conservative assumptions, values for the NC scale 
of Anc > 1 TeV can be probed at the LHC, while the Tevatron is able to 
confirm existing limits. 

The analysis has been performed to first order in 8^. In this approx- 
imation, unphysical cross sections appear for large V§ and for Anc in the 
region of sensitivity. These have been handled by a pragmatic regularization 
described in section El and appropriate kinematical cuts. On general grounds, 
one expects the problem to disappear when higher orders in Q^ v are taken 
into account. Preliminary results for the second order contributions confirm 
this expectation. We also find that cancellations in the unpolarized cross 
sections at O{0) are not effective in higher orders, allowing also studies of 
processes with symmetric final states like pp — *> 77, one of the most impor- 
tant channels at the LHC. Therefore, the derivation of Seiberg-Witten maps 
for SU(3)c £g> SU(2)i ® U(l)y of the corresponding NCSM in higher orders 
is important for a comprehensive analysis of the NCSM at the LHC. 

The construction of the NCSM in O(0 2 ) and further phenomenological 
tests, including 77 final states, will be presented in future publications [15j. 
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A Feynman Rules 

The Feynman rules corresponding to the NCSM Lagrangian jU] have been 
derived in [HUB]- Here, we collect only the neutral current couplings entering 
our analysis. Choosing all momenta as incoming and using the shorthand 
notation p6q = p^ l q u 9' J ' u and p6 u = p^O^, one has 




1 



(9v + 9Als) (k0pj a + P 6 a lt - kQ a f) (24a) 



A, a 




;(sv + 9Aih){g' v + sfcys)- 



1 afi (4 — fi) + (h — q)6^ a + (q- k)9 a ^ 




2esm(29 w ) K z ^ ■ V^ 1/i2WJ (fci, k 2 , k 3 
2esm(29 w ) K yil ■ V^^k^ k 2 , k 3 



(24b) 



• (24c) 



In the above, the SM vector and axial- vector couplings in the fermion vertices 
are given by 



g v = T 3 — 2Q sin 2 9 W 
9 a = T 3 

while in the ^ lll (k l )^ ll2 (k 2 )Z il3 (k 3 ) and ^^(k^Z^k^Z^k^) vertices 
^1/^3 (^1 J k 2 , k 3 ) = 

<W 2 [(kifa)k2,n3 - {hh)h,^} + (hdk 2 ) [A? 3 , M1 



(25a) 
(25b) 



+ 



(^i^)^! [ k 2,ix 3 h,n2 ~ (M&)0 W a»s] _ (to +-> to) - (to *-> to) 
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+ cyclical permutations of \(jJ>i, fci), ((J>2, kz), 0^3) ^3) } • (25c) 



In the minimal NCSM, the coupling constants Kz^ and Kzz-y vanish. In 
the non-minimal NCSM, they can take the values shown in fig. (see j^j). 

B Cross Section qq — > Zj 

In order to be able to express the partonic cross section for qq — > Z7 com- 
pactly, we introduce some further abbreviations. For contractions with the 
totally antisymmetric e^pa tensor we use the notation 

e^paP^qOr* = (pkqr) (26a) 
e^pWqV = e^pWqW = (pkqrO) (26b) 
0"" W = (9) pa (26c) 

OVe^pPk* = (6) paP p k° = p(9)q (26d) 
The squared amplitude 



iai 2 = (iAiY M +(iArt c +(iAiT c ^ c +(i^iT 7 c + . 7 +(i^i^z+^ 2 



(27) 



is given by the SM contribution 



3 \sin^vK cos^iy / \t u tu 

and SM/NCSM interference terms 

(|A|X C = 2Re (4 m a; nc + a? c a:™) = 

- r / ^ (2g v g A ) (SfahhW) + 8( Pl k 1 k 2 k 2 6)) ( - 



sm cos 6^ / \u t 



(28b) 



2tt 2 



2\NC 
)tc+uc 



SM 4*NC 



2Re (Af L A c 



+ Al M Af c ) 



Q q a 



sin cos 9 



w 



(29v9a) 



m 



2k 1 {9)k 2 -r + 2p x {e)k 2 



s + t s + u 



u 



t 



(28c) 
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\a\% c +u1 = 2Re (4 sm a; nc + aI m a;" c ) 

= -^—Q 2 „a 2 K z ^g A -T(p 1 ,p 2 , fa, k 2 ) , (28d) 



s 



m 2 )^ +u z = 2Re (A^A^ + A**A%™) 

= S ir smelZ s e w Kzz ^ 29v9A) s -mi\ im z r z T(p ^ kl > h) ■ (28e) 

Note that the s-channel contributions differ only by the coupling constants 
and the propagator because the triple gauge couplings contribute the same 
factor 



T(pi,p 2 ,fa,k 2 ) 



p 1 (9)k 1 (~2s)+p 1 (9)k 2 iu-t-As + 



u(s + u) 3st + 2s 2 + t" 



t 



+ fa(9)k 2 m 2 z (l - jj -AiprfafapxO) 1 1 + 



u 

t + 2s u 
u t 



u 



+ A{ Pl k 1 k 2 k 1 e) 1 + 3- - 2- + A{p l k 1 k 2 k 2 e) i + 



t 



u 



t + As 



u 



2- 
t 



■ (29) 



This analytical result has been verified numerically by comparing with the 
scattering amplitudes calculated with the help of an unpublished extension of 
the matrix element generator O'Mega [Ej. The latter has also been employed 
for the calculation of the complete qq — > £ + £~7 scattering amplitude used in 
the simulations. 
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